Enhancement of resource use efficiencies and crop productivity in sustainable agriculture are important especially in low-input production systems. This experiment was planned to evaluate the performance of maize under different water and nitrogen levels. Three irrigation treatments i.e., I1= three leaf stage (V1), nine leaf stage (V2), tasseling (T) and milking stage (M); I2 = V1, V2, T, M and dough stage (R1), I3= V1, V2, T, M , R1 and blister stage (R2) were applied with 70 mm application depth with different nitrogen application rates i.e., 0 , 150, 200 and 250 kg N ha -1 . Results revealed that maximum growth i.e., plant height, leaf area index (LAI), crop growth rate (CGR), cob length and diameter as well as yield and yield components i.e., grains rows/cob, grains/row, grains/cob, grain weight/cob, 100-grain weight, grain yield, biological yield and harvest index, water and nitrogen use efficiencies as well as transpiration and photosynthetic activities were recorded at I3 with 250 kg N ha -1 . However, increased irrigation and nitrogen application rates delayed days to tasseling, silking and maturity. Conclusively, six irrigations (I3) with 250 kg N ha -1 can be adopted as the best input levels to get maximum maize yield under semi-arid regions. In future both these inputs may be used as water and nitrogen based agricultural best management practices (BMPs) in regions with similar type of environmental conditions.
INTRODUCTION
Maize (Zea mays L.) is an important cereal crop grown all over the world under a diverse type of climate. Besides agronomic, edaphic and other management factors, prevailing climatic conditions of a specific region or local climate also affects its growth and overall productivity (Li et al., 2010; Mohamed, 2010) . Management of irrigation water and nitrogen is crucial in order to improve maize productivity with reduced pollution risks (Gheysari et al., 2009 ) as both of these factors had a positive correlation with maize productivity and can induce yield loss if applied in an inappropriate way (Di Paolo and Rinaldi, 2008) . Effects of irrigation and nitrogen application on growth, yield, irrigation water use efficiency (IRRWUE), water use efficiency (WUE), nitrogen use efficiency (NUE) has been well reported in previous literature (Khaliq et al., 2009; Sepaskhah et al., 2011; Hammad et al., 2012) . They recorded highest maize yield with a thorough restitution of crop evapotranspiration even though WUE and IRRWUE decreases with increase in irrigation water. However, a linear increase in WUE with respect to crop actual/potential evapotranspiration was also observed by Payero et al. (2006) in the semi-arid conditions of the US Great Plains.
A significant reduction in maize yield due to water deficit even at high doses of nitrogen has been reported by Moser et al. (2006) . Morpho-physiological and biochemical attributes of maize has been reduced when maize is subjected to drought conditions at tasseling stage (Anjum et al., 2011) . Moreover, a strong relationship exists between soil moisture level and N uptake by Aynehband et al. (2011) . N-deficit conditions hampered light interception by reducing leaf area, hence abridged photosynthetic activity and led to yield penalty (Glamoclija et al., 2011) . Nonetheless, maize is somewhat tolerant to N-deficit conditions at early vegetative stage than later reproductive phase (Islam et al., 2010) while Halvorson et al. (2006) described maize yield as a function of available water and nitrogen.
N application in proper dose at a right time is a single most significant component in agricultural systems to improve crop production (Khaliq et al., 2009) . Hammad et al. (2011) concluded from his findings that nitrogen at 200 kg N ha -1 for maize is not enough to get optimal yields under semi-arid conditions. In this regard, agricultural best management practices (BMPs) can effectively be used for resource management in successful crop production systems (Abbas and Fares, 2009) . So, formulation of water and nitrogen based BMPs are required in this era to balance application and requirements of these two important factors to sustain crop productivity without damaging the environment. To establish water and N based BMPs, there is a need to determine optimal dosages of these two inputs for successful production of maize under semi-arid conditions. Till now a little work has been done in this regard specifically under semi-arid climatic conditions. This study was therefore initiated to evaluate the performance, yield response and water-nitrogen use efficiencies of maize under different levels of water and nitrogen.
MATERIALS AND METHODS

Site Description and Treatments
The experiment was conducted at Agronomic Research Farm, University of Agriculture, Faisalabad, Pakistan (31°25ʹN, 73°04ʹE) during autumn seasons (July to October) of 2013 and 2014. The climate of this region is semi-arid and subtropical. Normally, the weather of this region ranges between 1°C (in January) and 48 °C (in June) with mean annual rainfall about 200-250 mm and falls in semi-arid region. Most of the rainfall in this region occurs during monsoon season (July-August). Further, prevailing climatic conditions during the crop growth season is presented in figure 1 . The experiment comprised of three different irrigation schedules i.e., I1= three leaf stage (V1), nine leaf stage (V2), tasseling (T) and milking stage (M); I2 = V1, V2, T, M and dough stage (R1), I3= V1, V2, T, M , R1 and blister stage (R2) and four nitrogen levels (N0 = 0 kg N ha 
Soil Analysis
To determine major physical and chemical properties of soil, composite soil samples were taken from above soil surface (0-30 cm) at the experiment site prior to sowing. Collected samples were chemically analyzed by following the protocols advised by Homer and Pratt (1961) . The soil was loamy containing sand (38%), silt (46%) and clay (16%) particles, having bulk density (1.44 g cm -3 ), field capacity (0.35 cm 3 cm -3 ), saturation (36%), pH (7.50), EC (1.06 dSm -1 ), organic matter (0.98%), available nitrogen (0.055%), available phosphorus (10.8 ppm) and available potassium (180 ppm).
Crop Husbandry
In both growing seasons, hybrid maize ''R-2303'' was planted on 75 cm apart ridges during the second week of July by using the seed rate of 25 kg ha -1 . Plant × plant distance was maintained 20 cm by thinning out extra plants at four leaf stage to keep optimum plant population. Nitrogen, phosphorous and potash were applied in accordance with treatments in the form of urea, single super phosphate (SSP) and sulphate of potash (SOP) respectively. Phosphorus and potassium were applied at 135 kg ha -1 and 115 kg ha -1 , respectively at sowing time. The nitrogen was applied in three split forms as half of the nitrogen was applied at sowing time while remaining dose was in two splits according to the treatments under study. Weeds were manually controlled by hoeing. Seed were treated with fungicide (Benlate at 2 kg ha -1 ) for protection against seed-borne fungi. Canal irrigation water (EC = 0.56 mS cm -1 , total soluble salts (TSS = 375) was applied according to schedule by using surface irrigation system. Cut throat flume method was followed to measure the depth of applied water as described by Hammad et al. (2012) The crop was harvested manually in the end of October. After harvesting, the plants are tied into bundles and stalked for one week. After that the cobs were removed from the stalk and allowed to dry in sunlight for two weeks before shelling.
Observations
Five plants were selected from each subplot at random, tagged and continuously visited for recording the number of days to tasseling, silking and maturity taken by the plants. Leaf area was measured at tasseling with the help of leaf area meter (CI-202, CID Bio-Science); and the leaf area index (LAI) was calculated by using a standard formula described by (Watson, 1952) . Likewise, crop growth rate (CGR) was calculated following the method described by Hunt (1978) . At maturity, 10 plants were sampled from to determine various growth, yield and yield related attributes. Harvest index (HI) was calculated by the following the formula:
Nitrogen use efficiency (NUE) was calculated by the formula described Dobermann (2007) .
Where Y and Y0 are the grain yields (kg ha -1 ) with applied N and without N, respectively while F is the amount of N applied (kg ha -1 ).
Experimental Design and Statistical Analyses
The experiment was laid out in a randomized complete block design (RCBD) with split plot arrangement having three replications with a net plot size of 7 m × 3 m. Irrigation schedules were randomized in main plots and nitrogen levels in sub plots. Each treatment was repeated three times in both years. In the combined analysis of data, the interaction of year and treatments was nonsignificant; thus, the data were pooled for both years (2013) (2014) and presented with the interaction of irrigation and nitrogen application rates. The recorded data were statistically analyzed by Statistix version 8 (Analytical, Tallahassee, Florida, USA) while least significant difference (LSD) test at 5 % probability was used to compare treatment means. Graphs for experimental data were generated by using SigmaPlot 9.0 (Systat Software, Inc., San Jose California USA) while MS Excel 2013 was used to represent the climatic data. The relationships between variables were estimated by using polynomial linear regression analyses.
RESULTS
Maize phenology, growth, yield and yield related attributes were significantly (p≤0.05) affected by irrigation dynamics and nitrogen application rates. Plants took more days to tasseling, silking and maturity at I3 level of irrigation followed by I2 and I1 levels. Likewise increased application rates of nitrogen delayed the maturity of maize plants. Maximum number of days taken by plants for tasseling, silking and maturity were recorded at N3 level of nitrogen application while minimum days were recorded in control. The overall trend (days from max. to min.) of nitrogen application rates regarding maize phenological stages were recorded as: N3˃ N2 ˃ N1 ˃ N0. However, the interaction of irrigation × nitrogen regarding maize phenology was insignificant (Table 1) . Individual effects of all irrigation and nitrogen application rates were significant for cob length, cob diameter, grain rows/cob, grains/row, grains/cob and grain weight/cob. The results revealed that I3 level of irrigation were remained more effective than I2 and I1. I3 resulted in longer (11.14%) and thick cobs (14.5%), produced more number of grain rows/cob (5.71%), grains/row (9.38%) and grain weight per cob (7.61%) compared with I1. Further, significant improvements of these parameters were observed at higher nitrogen application rates. The affect was linearly increased with the doses of nitrogen applied. N3 remained the most effective for cob formation and grain development in maize followed by N2, N1 and N0 (Table 2) . Maize photosynthetic and transpiration rate at vegetative and reproductive stages are presented in figure  2 (a-c) . At both stages, maximum transpiration rates and photosynthetic activities were recorded at I3 while minimum was recorded at I1. Furthermore, nitrogen application rates also significantly affected transpiration and photosynthetic rates. N3 level of nitrogen resulted in highest transpiration and photosynthetic activity while lowest was recorded at N0 (control). Overall, photosynthetic and transpiration activity was higher at vegetative stage compared with reproductive stage. The interaction between irrigation and nitrogen application rates also affected some other growth (plant height, LAI and CGR), yield and yield related characters (100-grain weight, grain and biological yield as well as harvest index) of maize considerably. With increasing irrigations and nitrogen application dosage, growth and yield of maize significantly improved. Plant height, LAI, CGR, 100-grain weight, grain yield, biological yield and harvest index was increased up to 30%, 54%, 46%, 33%, 13%, while almost double grain and biological yield was reaped at I3-N3 compared with I1-N0, respectively (Table  3) . Moreover, I3 level of irrigation proved effective even at lower nitrogen rates (N1, N2) than higher nitrogen dose (N3) under I1, however, in case of I2 some of the growth, yield and related attributes were statistically similar with I3 even at N2. For example, at I2-N2, and I2-N3 the values of grain yield (8.6±0.62 and 8.10±0.49, respectively) and biological yield (17.9±1.27, 18.4±0.95) were statistically at par with I3-N1 and I3-N2 (7.8±0.54 and 8.9±0.28) for grain yield and I3-N2 and I3-N3 (17.9±0.57 and 19.9±0.60), for biological yield respectively. The interaction of I1 with all levels of nitrogen produced lower plant produce than other levels of irrigation with their respective nitrogen application rates (Table 3) . WUE and NUE increased linearly as irrigations were increased from I1 to I3. Maximum irrigations (I3) resulted in higher water and nitrogen use efficiencies than I1 and I2, respectively at maximum nitrogen level, confirming them as yield limiting factors under semi-arid conditions. However, regarding N application rates, N3 level of nitrogen showed maximum NUE at I3 than other N rates (N1 and N2). Further, at I2-N2 the NUE was statistically similar to I3-N2 while higher than I2-N3 (Table 3 ; Fig. 3d ).
Significant and positive linear relationships were observed between 100-grain weight vs grain yield (R 2 ˃ 91%) and biological yield vs grain yield (R 2 ˃99%) at all irrigation levels as well as biological yield vs harvest index (R 2 ˃ 58%) at I1 and (R 2 ˃93) at other two (I2 and I3) irrigation levels ( Fig. 3a-c) . 
DISCUSSION
Irrigation at critical stages of a crop and availability of nutrients within the root zone furnishes better growth, development and ultimate yield. In this study, the effects of different irrigation schedules and nitrogen application rates were assessed on maize performance under field conditions. Higher nitrogen rates with maximum irrigations delayed the durations of phenological development in maize (Table 1 ). This could be explained by the fact that more availability of nitrogen to the plants and optimum soil moisture favored the crop vegetative growth yet resulted in delayed maturity. Suitable moisture conditions might promote root growth to procure more nutrients from the soil which results in improvement in plant development and vegetative growth and delays maturity. In contrast, treatments with low irrigation levels and reduced nitrogen doses resulted in early maturity. Low levels of irrigation might cause drought conditions thus forced the maize plants to mature earlier. These results are corroborated with the previous literature (Di Paolo and Rinaldi, 2008; Amin, 2011; Nsanzabaganwa et al., 2014) . Amanullah et al. (2009) also stated that increased N levels delayed maturity in maize.
More number of irrigations and higher rates of nitrogen improved growth attributes of maize i.e., plant height, cob length, cob diameter, LAI, CGR (Table 2&3) . Water application and nitrogen affect crop growth through various mechanisms. N improves leaves chlorophyll contents and triggers cell division thus results in better plant growth (Qadri et al., 2015) . Further, nitrogen application at higher rates might improve leaf morphology, leaf nitrogen contents, and developed basic infrastructural frame and led to enhanced photosynthetic efficiency thus amplified plant growth effectively. However, low water levels caused drought conditions during vegetative growth thus reduced leaf area and plant growth rate (Hammad et al., 2011; Zamir et al., 2014) . Water deficit conditions at vegetative and reproductive stages reduced plant growth and development (Moser et al., 2006; Anjum et al., 2011) . Furthermore, increased N rates improved maize growth, physiological indices, root development and yield formation of maize (Khan et al., 2012; Zhang et al., 2014) .
In this experiment water levels and nitrogen fertilization greatly influenced the yield and yield related attributes of maize and nitrogen use efficiency as well. This confirms the progressive effect of soil water on nitrogen accessibility and plant's aptitude to uptake water and nitrogen simultaneously that led to their most effective usage when both are at an adequate level. An increase in plant growth with increased water and N levels might be due to better LAI and CGR values, which eventually yielded more grain and biological yield. Under water deficit conditions lower WUE limited N uptake and severely reduced grains rows/cob, grains/row, grains/cob, grain weight/cob (Table 2) , 100-grain weight, grain yield, biological yield, harvest index (Table 3 ) and nitrogen use efficiency (Fig. 3d ) . Crop might experience drought conditions at crop critical stages due to water limited environments that resulted in yield loss and reduced water and nitrogen use efficiency. Irrigation shortage at reproductive stages endured more yield reduction and reduced NUE than vegetative stages when results compared for adequate water vs. water deficit and adequate N vs. N deficit conditions at vegetative and reproductive stages under semi-arid climatic conditions (Mansouri-Far et al., 2010) . Nutrient uptake and their use efficiencies are important regarding growth and yield of maize, however, limited water supply with lower rates of nitrogen results in reduced root growth with minimum nutrient uptake from soil profiles and minimum yield harvest, whereas under limited water conditions, severe yield loss in maize can be avoided with regular irrigations at flowering and grain-filling stages even though water supply is limited at vegetative stages (Igbadun et al., 2007) . Furthermore, treatments with higher irrigations performed well due to ample supply of water necessary for the plant growth and yield formation. These results are in line with Gheysari et al. (2015) who found a significant reduction in 1000-grain weight and grain yield of maize when water stress was imposed during reproductive phase in maize. Stomatal closure, reduced photosynthesis and hampered respiratory activities due to water stress along with reduced N levels led to significant yield reduction in maize (Hammad et al., 2012) . Moreover, reduced water and nitrogen availability cramped photosynthesis and transpiration rates at both vegetative and reproductive stages (Fig. 2) . Water stress condition induced stomatal closure that led to reduced working efficiency of photosynthetic machinery and transpiration rates. However, lower photosynthesis and transpiration at reproductive stage than vegetative might be due to age factor and reduced leaf area after silking. Farooq et al. (2009) also argued that water stress significantly reduced transpiration and photosynthetic activities in maize. Additionally, reduced N dose also affected the photosynthetic and transpiration rates that led to reduced crop produce. So higher N rates might be used to combat this problem by keeping in mind that too higher rates of N may lead to reduced NUE that will not only costs much but may also cause yield penalty (Di Paolo and Rinaldi, 2008; Gheysari et al., 2009 ). Moreover, Kuscu et al. (2013) obtained enhanced grain yield with increased amounts of water in maize however, higher water use efficiency (WUE) and irrigation water use efficiency (IWUE) were recorded under 25% water deficit conditions than normal.
Furthermore, a non-linear, curvilinear and linear relationships between irrigation and maize yield was also reported by (Farre´ and Faci 2006; Shahrokhnia and Sepaskhah, 2012) . Usually, irrigation dynamics affect nitrogen use efficiency by regulating its uptake mechanisms. Nitrogen in NH4 + and NO3  get dissolved in water (present in the soil solution) and then translocates from soil solution towards roots, shoots, leaves and other plant parts. Water thus helps N uptake by plants and had a direct relation to N-uptake and overall NUE. Reduced NUE under less irrigation is the mirror image of what was found by Zand-Parsa et al. (2006) and Mahbod et al. (2015) . They argued that irrigation affects nitrogen uptake by plants and its accumulation mechanisms in grains while the mechanism of N uptake by grains responds similar as plant N uptake to different irrigation levels.
In general, NUE response to irrigation treatments and N application rates seemed to be related to increased grain yield. However, increase N rates to enhance crop productivity is not an effective stratagem in agricultural ecosystems (Gheysari et al., 2009; Hammad et al., 2012) as it results in a significant reduction in NUE. Too high or too low N application cannot be accumulated efficiently thus a specific rate of N at suitable soil water levels may result an increase in NUE (Di Paolo and Rinaldi, 2008) .
CONCLUSIONS
In crux, suitable nitrogen and water applications rates are the mainstream to get maximum yield and to harvest more nutrients from the soil. In this study, the best response of maize under semi-arid conditions was obtained with six irrigations and 250 kg ha -1 nitrogen application in each year. Both WUE and NUE were increased with increase in irrigations while skipping irrigations at reproductive stages resulted in reduced growth and yield of maize. However, nitrogen and water application should be at their optimal levels because their application beyond the required limits not only results in yield reduction but also causes nutrient losses that have their own economic and environmental implications. 
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